Variability of exposure to wood dust at large factories in the Danish furniture industry was studied. Three repeated exposure measurements of 292 workers at 38 factories were included in the study. The measurements were carried out by use of personal passive dust monitors. The components of variance were estimated by means of a random effects ANOVA model. The ratio of within-to between-worker variance was 1.07. Based on this result, and three repeated exposure measurements, the observed relation between health outcome and exposure will be attenuated to 74% of the true value. Grouping by factory showed very poor exposure contrast, as the contrast in exposure level among factories was as low as 0.15.
INTRODUCTION
In epidemiological studies the validity of the doseresponse relationship between exposure and health effects is essential. This relationship may be biased due to exposure variability. Therefore, in order to estimate this possible bias, exposure variability has become an important topic in occupational epidemiology for the last decade. Theoretically the variability as variances are not known and estimates of variances are used in this study. For brevity this is not always mentioned explicitly.
Exposure variability can be studied in two ways: an individual based strategy and a group based strategy. An exposure group is a sample of individuals with expected homogeneous exposure. This homogeneous exposure can be due to work similarities like work tasks or job titles, and environmental simi-larities. A successful grouping strategy should result in low within-group variability and high betweengroup variability. The individual based strategy can be understood as a special case of the group based strategy where the single individual represents a group. In this case the within-variability is also termed the day-to-day variation and can be estimated from repeated measurements.
A few attempts have been made to model exposure in the wood industry as a basis for a priori grouping of exposure (Scheeper et ah, 1995; Alwis et al., 1999) . Unfortunately these studies only involve a limited number of factories. According to Tielemans et al. (1998) , the ratio of within-to between-group variability is nearly five times the within-to betweenworker variability in the study by Scheeper et al. (1995) . Grouping by work task in the wood industry by Schliinssen et al. (2001a) only explains a minor part of the exposure variability.
This indicates that an a priori grouping strategy for the wood industry with the capability of producing high contrast between groups is still to come. There-604 P. S. Vinzents et al. fore an individual based strategy is used in this study, which is part of an ongoing epidemiological study on exposure to wood dust and respiratory diseases (Schliinssen et al., 2001b) . Application of an individual based strategy will introduce bias in the exposureresponse relation. But this bias, also called attenuation, can be estimated when the within-to betweenworker variability is known. Compared to an individual based strategy a group based strategy will produce less precise but essentially un-biased estimates due to the increased number of measurements in each group (Tielemans et al., 1998) .
The aim of the present study was to estimate components of variance of exposure to wood dust in the Danish furniture industry. This study is partly based on a cross sectional survey described elsewhere (Schliinssen et al., 2001a) , comprising 1685 dust exposure measurements as personal sampling of equivalent concentrations of inhalable dust. The measurements were carried out at 54 factories.
METHODS

Design
The design of the program for repeated measurements was as follows. The study base was defined as 400 randomly drawn employees at all 39 factories with more than 20 employees, who participated in the former cross sectional study (Schliinssen et al., 2001a) . The exposure measurements performed at these employees were defined as first measuring round; and two repeated measuring rounds (second and third) were carried out with these employees. The 400 measurements correspond to approximately 25% of the study population in the cross sectional study mentioned above.
If the persons were absent at the workplace at the actual second measuring day, additional persons from the original study population were drawn. Due to an accident all measurements from one factory were lost and only measurements from 38 factories were available. In total, 371 persons from 38 factories participated in the second measuring round. From this group 341 persons participated in the third measuring round. The intersection of all three rounds is 292 persons each with three valid measurements. The validity of the measurements is discussed in detail in the sampling section.
In all three rounds measurements were primarily carried out on Tuesdays Wednesdays or Thursdays, for practical reasons. The time lag between two rounds was one week. The measurements were carried out from October 1997 to March 1998.
According to Statistics Denmark (personal communication) more than 80% of the employees in the furniture industry work in factories with more than 20 employees.
Some characteristics of the study population in the first round of measurement and the source populations are given in Table 1 . The source populations are all workers (N = 1685) measured at the 54 factories in Schliinssen et al. (2001a) and all workers ( N= 1536) measured at the 38 factories. The characteristics are major work task performed and type of wood processed by the workers. Sufficient data on work task and wood processed were not available for the second and the third round of measurements. The distributions of the characteristics are similar across the three populations.
Sampling
Dust sampling was carried out as personal sampling with passive dust monitors. A brief cost-benefit analysis on use of the passive dust monitor compared to traditional dust sampling is presented in Schliinssen et al. (2001a) . The monitor is described elsewhere, Vinzents (1996) , Schliinssen et al. (2001a) , but in brief, the monitor consists of three sticky transparent foils (BM-Dustlifter, BM Environmental Engineering, Denmark-Holland) mounted on a metal holder facing forward, upward and downwards respectively. A fourth foil used as a blank foil is also mounted at the monitor and is protected from dust deposition. The monitor was fastened at the upper centre of the chest at each person. The sampling periods during the second and the third round were from approximately 10 a.m. to the end of the day shift, approximately 3 p.m. The sampling times for all three rounds are given in Table 2 . Table 2 is presented in detail later.
Analysis of dust samples
The foil area covered by dust was measured as the increase in light extinction caused by the sampled dust on the foils. The light extinction instrument was a commercial instrument (BM Dust-detector, BM Environmental Engineering, Denmark-Holland) and was calibrated against calibration slides with 10.0% covered area (Schneider et al., 1996) .
The blank corrected percentages of dust covered foil areas were converted to equivalent concentrations of inhalable dust by applying the conversion model developed elsewhere (Schliinssen et al., 2001a) .
Finger marks and other marks were found at 11 foils out of all 712 measurements from the second and the third round. These 11 measurements were excluded. A further 24 measurements were excluded because the dust deposition on the forward foil was statistically significantly larger than the dust deposition on the upward foil. When gravitation acts on the dust particles this should not be the case (Schlunssen et al., 2001a) .
The limit of detection from the original cross sectional study was also used in this study (Schlunssen et al., 2001a) . The limit of detection was based on the standard deviation of the distribution of blank foil measurements and was 0.33 mg/m 3 expressed as equi- valent concentration of inhalable dust. In total 45 out of all 712 measurements from the second and third round were below the limit of detection and were given the value of half the limit of detection. From the first round 28 measurements were below the limit of detection. As a result 292 triplicate measurements were available for further analysis.
Analysis of variance
The variance components were found for the logtransformed (natural logarithm base) equivalent concentrations of inhalable dust by applying a two way random effects ANOVA model. The equivalent concentration of inhalable dust is referred to as exposure. Under this model the stochastic variation of the exposure was divided into a contribution from the factory, a contribution from the individual worker and a residual holding the day-to-day variation for the worker. The model is given by the expression: the measured exposure at the ith factory for the 7th worker on the kth day mean of Y ijk , the between-factory specific part of the deviation from the overall mean, the within-factory specific part of the deviation from the overall mean, the part of the deviation from the overall mean for the 7th worker at the ith factory given by the day-to-day variation.
assumed that a h /3,y, e ijk are normally distributed:
where:
e ijk M;O,(7 WW ). The model assumes common between-worker variance across factories. The enlarged model stating an individual between-worker variance for each factory could not be fitted to the data: This would in theory imply the estimation of additional 37 parameters but some of the data would have to be disregarded since estimation in eight factory strata is not feasible. The observations defined as half the limit of detection would have varying effect in the variance estimates since these observations account for between 0 and 33% of the observations in the factory.
All calculations and estimations were done using the MIXED procedure in the SAS program (Statistical Analysis Program version 6.12 for windows).
The contrast in mean exposure levels between factories was calculated as described by Kromhout and Heederik (1995) :
RESULTS
From the two way random effects ANOVA model the predicted values were plotted against standardised residuals. In this scatter plot no signs of systematic deviation from the proposed model were seen apart from a straight line caused by the 8% of the observations having the value of half the limit of detection.
Attempts to amend this deviation from the model by simulating values below the limit of detection for the observations defined as half the limit of detection were made. The algorithm used for simulation is given in Appendix A. However the parameter estimates did not converge as the number of simulations grew. This is presumably due to the fact that four workers had all three measurements below the limit of detection. Nine workers had two measurements below the limit of detection. The large mode of results above the limit of detection can be modelled by means of the log-normal distribution and by convention the log-normal model is assumed to fit the entire data set of measurements. This procedure is equivalent to the one used in Schliinssen et al. (2001a) .
The estimates of the geometric and arithmetic means and geometric standard deviations for each measuring round are given in Table 2 together with sampling times. These estimates are calculated from a one way random effects ANOVA model with a random factory effect and measurement-round-specific estimates for the mean and the variance components.
The estimates of the variance components from the two way random effects ANOVA are given in Table 3 .
The sum of the estimated between-factory and within-factory variances in this present two way random effect model corresponds to the between-worker variance in a one way random effect model.
The largest component of variance is the withinworker variance and it is 1.07 times the betweenworker variance. From this result the attenuation can be calculated of the relationship between exposure and health outcome as continuous variables (e.g. lung function). The relationship referred to is the slope of the line of regression. The relation between the true un-biased slope and the observed slope is given by Cochran (1968) Thus the observed slope is only 74% of the true slope when three repeated measurements are taken into account. When only one measurement per worker is available the observed slope is decreased to 48% of the true slope.
Grouping by factory showed very poor exposure contrast, as the contrast in exposure level among factories was as low as 0.15.
DISCUSSION
The sampling strategy in the present study is characterised by random sampling of workers and sampling days, with short time lags between the repeated measurements.
Repeated measurements with short time lag of one week might be influenced by autocorrelation, and a possible bias of the variances towards smaller values may be present. Symansky and Rappaport (1994) have analysed the trend in variances according to the time lag in repeated measurements but they also demonstrated that this trend was only presented in a minor part of the series analysed. From the short measurement series in this study it is not possible to estimate the autocorrelation coefficients and to analyse the possible trend. The estimated attenuation of the relation between exposure and effect is of considerable size and will be taken into account when the epidemiological study is carried out. The result underlines the importance of information on within-worker variability.
Using the individual based strategy, a small ratio of within-to between-worker variance is preferable in order to obtain large exposure contrast. Ideally a priori information of components of variance should be established from pilot studies in order to be able to choose an adequate sampling strategy. If the ratio of within-to between-worker variance is not sufficiently low an increased number of repeated measurements should be considered, perhaps at the expense of the number of measured persons. Knowledge of exposure variability reported in other studies cannot be extrapolated to the actual study since apparently the ratios of components of variance are among other factors industry dependent.
In Table 4 , examples of between-worker and within-worker variances for particulate exposure are given. The measurement strategies were not identical across the studies, e.g., the average number of repeated measurements varied from less than two to more than eight, and the time lag between the measurements varied from days to months. As a consequence, direct comparisons are not possible.
In the study by Kromhout et al. (1993) , 81 of 165 defined groups were exposed to particulates, and the ratio of median within-worker to median betweenworker variance for these groups was 3.46. They found, that outdoors work and intermittent processes increase the within-worker variance, and that intermittent processes as well increase the between-worker variance. In our study, no outdoor work was included, and the work is characterised by mainly continuous processes.
In the study by Preller et al. (1995) on endotoxin from pig farming the ratio of within-worker to between-worker variance was even larger, namely 4.70, due to a small between-worker variance according to the authors.
The study by Scheeper et al. (1995) is to our knowledge the only study in the wood industry, where reports of the ratio of within-and between-worker variability were given. The exposure was assessed for five consecutive days at one joinery, and for two randomly selected days at another joinery and one furniture factory. The ratios of variances were equal at the three factories, and at the same level as the finding in the present study. The variance components in the present study were similar to the variance components found on the furniture factory by Scheeper et al. (1995) .
van Tongeren et al. (1997) found large withinworker variability compared to between-worker variability, especially for respirable dust, and they chose a group-based strategy in their further analysis.
In all other studies mentioned in Table 4 the within-worker variances are less than the between worker variances.
In our study the between-factory variance is low, and the contrast in exposure level among factories was as low as 0.15. Basically furniture production involves a limited number of types of wood processing like sawing, moulding, planing and sanding. Major determinants for wood dust emission were similar across the participating factories, e.g. at all participating factories exhaust ventilation was present at nearly all wood working machines and compressed air was used for cleaning of machines and items. This could partly explain why grouping by factory In our opinion one of the major findings in the present study is the small between-factory variance, indicating that parameters affecting exposure are independent of the specific factories in the furniture industry. This facilitates the general value of the results from this study. Another finding is the unity ratio of within-worker to between-worker variance, which implies attenuation of the dose response relationship when an individual based strategy is used. Dust control in modern Danish and probably northern European furniture production tends to decrease both exposure levels and exposure contrasts (Schlunssen et al., 2001a) . Therefore as an alternative to the individual based strategy the challenge is to develop a grouping strategy, which identifies the contemporary exposure contrast.
The present variance component model is established on data originating from the part of the Danish furniture industry (>20 employees per factory) where 80% of the workforce is employed, as stated earlier.
Therefore these results are assumed adequate for the vast majority of Danish furniture industry workers exposed to wood dust.
In conclusion the adopted individual based strategy in our study seems adequate since the ratio of withinworker to between-worker variance is fairly low. The individual based strategy involving repeated measurements is also favoured by the availability of the passive dust monitor, which enables conduction of large measurements programs.
